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defining a nozzle and means (17) responsive to electrical signals for deflecting the membrane to eject drops of fluid from said nozzle. 
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FLUID DROP EJECTOR AND METHOD 

Brief S umroarv of the Invention 
This invention relates generally to fluid drop ejectors 
and method of operation, and more particularly to fluid drop 
5 ejectors wherein the drop size, number of drops, speed of ejected 
drops, and ejection rate are controllable. 

Background of the Invention 
Fluid drop ejectors have been developed for ink jet printing. 
Nozzles which allow the formation and control of small ink 
10 droplets permit high resolution, resulting in printing sharper 
characters and improved tonal resolution. Drop-on-demand Inkjet 
printing heads are generally used for high-resolution printers . 

In general, drop-on-demand technology uses some type of 
pulse generator to form and eject drops. In one example, a 
chamber having an ink nozzle is fitted with a piezoelectric wall 
which is deformed when a voltage is applied. As a result, the 
fluid is forced out of the nozzle orifice and impinges directly 
on an associated printing surface. Another type of printer uses 
bubbles formed by heat pulses to force fluid out of the nozzle. 
The drops are separated from the ink supply when the bubbles 
collapse. 

There is a need for an improved fluid drop ejector for use 
not only in printing, but also, for photoresist deposition in 
the semiconductor and flat panel display industries, drug and 
biological sample delivery, delivery of multiple chemicals for 
chemical reactions, DNA sequences , and delivery of drugs and 
biological materials for interaction studies and assaying, and 
a need for depositing thin and narrow layers of plastics for 
use as permanent and removable gaskets in micro-machines. There 
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is also need for a fluid ied-ny- ^-Vl«.4- 

little or no »ec.a„.caX scannTnr "^^^ ^"^^ ^^^^ 

5 flu.. Vol Z^IT " ^° - ^»P-ve. 

" "^''^^'^ °^ invention to provide a fiulH 

drop ejector in which the elected i^i,,-^ Provide a fluid 

velocity. ,J,«ion r«e ana^:^ oTt^TZ't"' 
eontrolled. arops can be easily 

" ar»n " ' °^ invention to provide a fluid 

drop elector which can be »icro-»aohi„.d 

It IS another object of the invention to provide a fluid 
ZZ^ZTLT'" °" ^ »^-=-»«=»i".a to provide a selec\i"e y 

15 :i:id :::p:"^^"' " for .i.«ion « 

-op e^e^r TZZ^T^Lll^lZZ'- '° "'"^"^ ^ ""^ 
to eject droplets of fluid .1 " ' actuated 

resonance of the .e^r."^ ""'^ '"^ "echanical 

" drop ijur r=i:r an\r '-^'--^ ^ ^ 

comprising a thin .i. ^ reservoir with one wall 

. nozzle U """"""^ - -"i- ""inin, 

.ppiic«;on"o'f rr; f^rcT:::!!""^"'"^"^^ "^-^^ - 

25 resonant fre,u«,cy ,Len s.i. Preferentially at its 

.e»brane deflectr;o IT """-^-^ -""^^ ""i-^. the 

reservoir is not^elsriirfur" ^id " '''' 

- .ore Tuunretrr frrttLT ^-r -"^ 

connection with the .cco^nyiVtrnZ^rern?" ^" 

Figure 1 is a sectional view of » rt,.«« 
ejector i„ accordance wi'r ^e < nTT 

Piezoelectrically driven me^rane " 
'5 Flc,ur. 2 is a top plan view of the ejector shown in Pi^re 
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Figure 3 is a secrtional view of a drop-on-demand fluid drop 
ejector in accordance with another embodiment of the invention; 

Figures 4A-4C sh w the ac voltage applied to the 
piezoelectric transducer of Figures 1 and 2, the mechanical 
5 oscillation of the membrane, and continuous ejection of fluid 
drops ; 

Figures 5A-5C show the application of ac voltage pulses 
to the piezoelectric transducer of Figures 1 and 2, the 
mechanical oscillation of the membrane and the drop-on-demand 
10 ejection of drops; 

Figures 6A-6C show the first three mechanical resonant modes 
of a membrane as examples among all the modes of superior order 
in accordance with the invention; 

Figures 7A-7D show the deflection of the membrane responsive 
15 to the application of an excitation ac voltage; 

Figure 8 is a side elevational view of a fluid drop ejector 
wherein the membrane is electrostatically oscillated; 

Figure 9 shows another embodiment of an electrostatically 
oscillated membrane; 
20 Figure 10 shows a fluid drop ejector in which the membrane 

is oscillated by a magnetic driver; 

Figures llA-llD show the steps in the fabrication of a 
matrix of fluid drop ejectors of the type shown in Figures 1 
and 2 ; 

25 Figxure 12 is a top plan view of a matrix fluid drop ejector 

formed in accordance with the process of Figures IIA-IID; 

Figures 13A-13C show the steps in the fabrication of a 
matrix of electrostatic fluid drop ejectors; 

Figure 14 is a top plan view of the fluid drop ejector shown 
30 in Figure 12; 

Figure 15 is a bottom plan view of the fluid drop ejector 
shown in Figure 12 ; and 

Figure 16 shows another embodiment of a matrix fluid drop ^ 
e j ector - 



35 



PescrXPtion of the Preferred Embodiments 
A fluid drop ejector according to one embodiment of this 
invention is shown in Figures 1 and 2. The ejector includes 
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a support body or substrate ii which can have apertures for the 
supply Of fluid. A cylindrical wall 12 supports an elastic 
meabrane 13. The support 11, wall 12 and membrane 13 define 
a fluad reservoir 14. An aperture 16 may be formed in the wall 
12 to permxt continuous supply of fluid into the reservoir to 
replenish fluid which is ejected, as will be presently described. 
The supply opening could be formed in the support body or 
substrate 11 or its apertures. a piezoelectric annular disK 

.1 . °" °" "PP"^ ^""^^^-^ °^ membrane 

13. The dxsk 17 includes conductive contact films 18 and 19 

The paezoelectric film can also be formed on the bottom surfac; 
of the membrane, or can itself be the membrane. 

m accordance with the invention, the membrane is driven 
so that it mechanically oscillates preferably into resonance. 
Thxs X3 illustrated in Figures 4 through 6. Figure 4A shows 
a sxne wave excitation voltage which is applied to the 
pxezoelectric transducer. The transducer applies forces to the 
membrane responsive to the applied voltage. Figure 4B shows 
the amplitude of deflection at the center of the membrane 
responsave to the applied forces. it is noted that when the 
power is first applied, the membrane is only slightly deflected 
by the first power cycle, as shown at 22, Figure 4B. The 
deflection increases, whereby, in the present example, at the 
third cycle, the membrane is in maximum deflection, as shown 
at 23, Figure 4B. At this point, its deflection cyclically 
continues at maximum deflection with the application of each 
cycle Of the applied voltage, and permits the ejection of each 
corresponding drop, as shown in Figure 4C. when the oower is 
turned off, the membrane deflection decays as shown at 24', Figure 
4B. The frequency at which the membrane resonates is dependent 
on the membrane material, its elasticity, thicKness, shape and 
Size. The shape of the membrane is preferentially circular; 
however, the other shapes, such as square, rectangular, etc., 
can be made to resonate and eject fluid drops, m particular, 
an elliptic membrane can eject two drops from its focal points 
at resonance. The amount of deflection depends on the magnitude 

II t'^r t'''' ' - circular membrane, 

that the membrane may have different modes of resonant 



wo 97/12689 



PCTAJS96/14717 



deflection. Figure 6A shows deflection at its fundamental 
frequency; Figure 6B at the first harmonic and Figure 6C at the 
second harmonic. 

The action of the membrane to eject drops of fluid is 
illustrated in Figures 7A-7D, These figures represent the 
deflection at the fundamental resonance frequency. Figure 7A 
shows the membrane deflected out of the reservoir, with the 
liquid in contact with the membrane. Figure 7B shows the 
membrane returning to its undeflected position, and forming an 
elongated bulb of fluid 2 6 at the orifice nozzle. Figure 7C 
shows the membrane extending into the reservoir and achieving 
sufficient velocity for the bulb to cause it to break away from 
the body of fluid 26 and form a drop 27 which travels in a 
straight line away from the membrane and nozzle toward an 
associated surface such as a printing surface- Figure 7D 
represents the end of the cycle and the shape of the fluid bulb 
at that point. 

Referring to Figure 4C, it is seen that the membrane reaches 
maximum deflection upon application of the third cycle of the 
applied voltage. It then ejects drops with each cycle of the 
applied voltage as long as the applied voltage continues. 
Figures 5A-5C show the application of excitation pulses. At 
29, Figure 5A, a four-cycle pulse is shown applied, causing 
maximum deflection and ejection of two single drops. The 
oscillation then decays and no additional drops are ejected. 
At 30, three cycles of power are applied, ejecting one drop. 
It is apparent that drops can be produced on demand. The drop 
rate is equal to the frequency of the applied excitation voltage. 
The drop size is dependent on the size of the orifice and the 
magnitude of the applied voltage. The fluid is preferably fed 
into the reservoir at constant pressure to maintain the meniscus 
of the fluid at the orifice in a constant concave, flat, or 
convex shape, as desired. The fluid must not contain any air 
bubbles, since it would interfere with operation of the ejector. 

Figure 3 shows a fluid drop ejector which has an open 
reservoir 14a. The weight of the fluid keeps it in contact with 
the membrane. The bulb 26a is ejected due to the suppression 
caused by deflection of the membrane 13 into the fluid. 
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A fluid drop ejector of the type shown in Figure 3 

25 «. in di««t,r , having . central hole of 150 in diameter, 

=ylind„ With an outside dia«t„ of as ™. and an inside 

22.5 mm. The .Mbrane was actuat«i by an annular 
Piezclectric plate ho«,ed on its hotto. and on axis to 

10 TJZT T""'- '"""'"^ Pi-oele«ric plat, had an outs!^! 
10 ^i"".r of 23.5 «. and an inside diameter of 18.8 mm. Its 

witTfiuTd'T T-^ " p^-" 

With fluid. The device so constructed ejected drops of 
approximately 150 m diaaeter. The ejection occurred when 
15 applying an alternative voltage of 15 V pea3c to the piezoelectric 

^dwir^h," '""T"'^ " ^' "-^ ™== tolerance of 

n^Id 1 ; r '""^P""'^^'' " -sonant fr»^ency of the 
~Z !k P^-i-'ea a bending motion of the 

20 n!^tl=!l"r ^i»Pl«="»nts at the center. Thousands of 

direction and velocity. The level of liguid varied from 1-5 
mm With continuous ejection while applying , slight change in 
freguency to adapt to the change in the resonant frequency of 
the composite membrane due to different liguid loading. Ln 

""'^ '"^'"'^ freguency Of drop 

formation r««ined relativ.ly constant. The excitation was 
Sinusoidal, although sguare waves and triangular waveforms were 
used as harmonic signals and also gave continuous drop ejection 
as the Piezoelectric material was excited 
" be fmoli" f P"=«""i' described, the fluid drop ejector can 
be implemented using micro-machining technologies of 
s«,iconductor materials. The housing could be silicon and 

pi«o!l T ■ the 
35 Tr, lT ' ^-^"^'^ "-i" "1» -ch as zinc oxide. 

ILT.L"""'"- «" -Jector could be no more 

than 100 microns and the orifice could be anywhere from a few 

llT'^ V ^°-''i»»'>"=nal matrices can b. easily imple- 

mented for printing at high speed with little or no relative 
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motion between the fluid drop ejector and object upon which the 
fluid is to be deposited « 

The membrane can be excited into resonance with other types 
of drivers. For example. Figure 7 shows an ejector in which 
5 the membrane is electrostatically vibrated. The membrane 31 
may be of silicon nitride with a conductive film 32. The 
membrane is spaced from the substrate 33 by an insulating oxide 
ring 34; a conductive film 36 is applied to the lower surface 
of the substrate. Thus, when voltage is applied between the 

10 two conductive films, it induces a force proportional to the 
square of the electric field between the two conductive films 
32, 36. The added simplicity of not needing a piezoelectric 
transducer is quite important; however, such a design will only 
work for fluids that are non-conductive. Micro-machining such 

15 a device will be described below. 

Figure 9 shows an electrostatic fluid drop ejector which 
can be used to eject conductive fluids. The same reference 
numbers have been applied to parts corresponding to Figure 8. 
The fluid drop ejector of Figure 9 includes an insulating support 

20 37 which supports a rigid conductive member 38 spaced from the 
film 32. Voltage applied between the conductive member 37 and 
conductive film 32 will give rise to forces proportional to the 
square of the electric field therebetween. These forces will 
serve to deflect the membrane 31. 

25 Figure 10 illustrates a device similar to that of Figures 

8 and 9, where like reference numbers have been applied to like 
parts. However, the transducer 3 9 is a magnetic transducer 
electrically driven to deflect and bring into resonance the 
membrane 31. This transducer can also be driven magnetically 

30 or electrically by another transducer placed at a distance such 
as behind a piece of paper. 

Referring to Figures IIA-IID, the steps of forming a micro- 
machined matrix of fluid drop ejectors of the type shown in 
Figures 1 and 2 from semiconductor material are shown. By well- 

35 known semiconductor film or layer-growing techniques, a silicon 
substrate 41 is provided with successive layers of silicon oxide 
42, silicon nitride 43, metal 44, piezoelectric material 45 and 
metal 46. The next steps, shown in Figure liB, are to mask and 

7 
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r^rr;;;r.^:;:j— ^^^^^^^^^^^^^^^^ - 

in th. hori^c,nta^ rows are In^.r Piezoelectric „«««rs 

contact. „£ the pTezoeLctlr " '""^ "P"" 

piezoelectric membe-rcr ^.w 

interconnected as ehown. thereby givt? , " tr/ " 
individual ejectors can be excited th " """" 

20 patterns of drops bv „1 J "^"ereby ejecting selected 

o. orifices or n^^.llrc™rhire:' 1^^^^ """^ 
orifices is lOO the aatri. will I^J^ !, """""" 
.epositin, a resolution of do^: prrTcr' ^ f:;:""""^ 

between orifices is 50 tho ! spacing 

» ai».ita„eou3iy d.positi„;: rrroVtir i/ii: rts°"^"' " 

such resolution would be sutf l=i.„, ° 

lines or pages of text without the rces:ir;:f"rert °' 
^tween the print head ana the printing Lrface ^^ 

30 «.cit^'f luTdrrp iZ^l ^"-"--^ .i.«rostatic 

illustrated in Pigures"r-i3C The f f "* 
«.e highly doped Polysili " w^'fL ,7 wlTch " 
.ubstrate. The next steps are to 4";"'^^"^= 
Of oxide 62 thermilly or by ckemil!! . 

.5 other IC processing io^ZVZl ^ 

tr:: ^:-zT- :::: 
« e----:: - — ^^^^^ 
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resulting structure is shown in Figure 13A. A resist pattern 
f 2 urn diameter dots on a two-dimensional grid with 100 urn 
period is transferred lithographically to the wafer. The gold 
and nitride are etched through the dots by using a suitable 
5 chemical etch for the gold and a plasma etch for the nitride. 
The resulting structure is shown in Figure 13B. The holes 66 
provide access to silicon dioxide which acts as a sacrificial 
layer. The sacrificial layer is etched away by pure hydrofluoric 
acid during a timed etch. This leaves a portion 67 of the 
10 thermal oxide layer supporting the silicon nitride membrane. 
The size of the unsupported silicon nitride membrane is 
controlled by the etch time. However, if processing were termi- 
nated at this point, the surface tension between the liquid 
etchant and the silicon nitride layer would pull the nitride 
15 membrane down as the etchant is removed, once the nitride and 
silicon are in contact, Vander Wals forces would hold the 
membrane to the silicon substrate and the device would no longer 
function. Two different techniques can be employed to prevent 
this from occurring. First, chemically roughening the silicon 
surface to reduce the surface area to which the membrane is 
exposed and thus, reduce the Vander Wals forces holding the 
membrane. The preferred chemical etchant is potassium hydroxide 
and is an anisotropic silicon etchant. After 20 minutes of 
etching, pyramidal posts are left on the silicon surface. The 
second step used for preventing sticking is to freeze-dry the 
structure; this results in the liquid etch sublimating instead 
of evaporating. The patterned upper metal film is interconnected 
along rows as shown in Figure 14 and the bottom film is patterned 
and interconnected in columns as shown in Figure 15. This 
provides a means for individually addressing the individual fluid 
drop ejectors to electrostatically eject a dot pattern. 

The invention has been described in connection with the 
ejection.of a single fluid.as, for- example, for printing a single 
color or delivering a single biological material or chemical. 
It is apparent that ejectors can be formed for ejecting two or 
more fluids for color printing and chemical or biological 
reactions. The spacing of the apertures and the size and 
location of the associated membranes can be selected to provide 
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isolated columns or rows of interconnected reservoirs. Adjacent 
rows or columns can be provided with different fluids An 
example of a matrix of fluid ejectors having isolated rJws of 
fluxd reservoxrs is shown in Figure 16. The fluid reservoirs 
56a are xnterconnected along rows 71. The rows are isolated 
from one another by the walls 57a. Thus, each of the rows of 
reservoirs can be supplied with a different fluid, individual 
electors are energized by applying voltages to the 
xnterconnections 58a and 59a. The illustrated embodiment is 
formed xn the same manner as the embodiment of Figure 12 It 
xs apparent that spacing of apertures and reservoirs of the 
embodiment of Figures 14 and is can be controlled to form 
isolated rows or columns of reservoirs and apertures to provide 
for delivery of multiple fluids. The processing of the fluid 

so °' controlled 

so that there are individual fluid reservoirs with individual 
isolated membranes. 
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WHAT IS CLAIMED: 

1. A fluid drop ejector comprising: 
at least one fluid reservoir, 

at least one elastic membrane having at least one orifice 
5 defining at least one nozzle adapted to be in contact with a 
fluid in said reservoir, 

displacement means responsive to an applied electrical 
signal for displacing said at least one membrane to bring said 
at least one membrane into mechanical oscillation whereby, when 
10 the fluid is in contact with said at least one membrane, the 
displacement of the membrane causes the formation and ejection 
of a drop of fluid from said at least one nozzle with each cycle 
of oscillation. 

2- A fluid drop ejector as in Claim l wherein the means for 
15 displacing said at least one membrane comprises a piezoelectric 
transducer affixed to said at least one membrane. 

3. A fluid drop ejector as in Claim 1 wherein the means for 
displacing said at least one membrane comprises an 
electromagnetic transducer affixed to said at least one membrane. 

20 4. A fluid drop ejector as in Claim 1 wherein the means for 
displacing said at least one membrane comprises a conductive 
film on the surface of said membrane and a spaced conductor 
whereby application of the ac electrical signal between the film 
and spaced conductor generates an electrostatic force which 

25 deflects said at least one membrane. 

5. A fluid drop ejector as in Claim 1 which comprises a 
plurality of elastic membranes in contact with said at least 
one fluid . reservoir, each including, displacement means for 
applying ac electrical signals to each of said displacement means 

30 to eject drops from selected membranes. 

6. A fluid drop ejector as in Claim 5 wherein said at least 
one fluid reservoir comprises at least two adjacent fluid 

11 
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Last one mMbrane in contact with fluid in ..oh I 



A fluid drop ejector as in claim 



.e_oir. IreTfo ™a:: ^ 1:^1.: oTjelV^^^ ^^"^^ 
line along each of said reservoirs. »-"*ranes are in 

aiity of elastxc membranes arranged in a natrix. 

9. A fluid drop ejector which includes: 
a substrate, 

apertl::"''' " ^'"=^"«"' " - 

a support structure for suDDortir,« ^-u^ 

su^etrat. an. d«ini„, at lea.t oT^ZZT^JX^T. """"" 
a fluid, reservoir for receiving 

Signal .o. .electiv.l. ais^la": ITrZs'T^Zt 
.oration ana .faction o. a.ops o, fl„i. .,o» .,1:%.=.^:::: 

dL,* " ^" ' ""-^^in the „eans for 

affCt! t Pi"°electri= t«nsLc«: 

affixed to each of said mwnbrane.. 

a«li^n! eal r r 'l«ct„„gn,tlo transducers 

arrixea to each of said meabranes. 

"..rcrir^-rs cor— r 

:r : ~ — " .^::tr— — — 



12 



wo 97/12689 



PCTAJS96/14717 



13. A fluid drop ejector as in Claim 9 wherein said support 
structure defines a plurality of fluid reservoirs whereby each 
reservoir can receive a different fluid. 

14. The method of fabricating a fluid drop ejector comprising 
5 the steps of: 

providing a substrate; 

forming a support layer on said substrate; 

forming a membrane layer of material on said support layer; 

f oraing apertures in said membrane layer to expose said 
10 support layer; and 

etching away portions of said support layer to leave 
unsupported membrane spaced from said substrate to define 
therewith a fluid reservoir. 
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FIG. - 1 




FIG. -2 




FIG. -3 
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FIG.-4A 
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FIG.-4B 




FIG.-4C 



FIG.-5A 





FIG.-5B 
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FIG.-6C 
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FIG, -7 A 




FIG.-7B 
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FIG. -8 
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